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FIGURES  (Continued) 
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I.  INTRODUCTION 

In  a companion  paper,  eight  models  for  computing  the  spectral 
radiance  of  nonuniform  optical  paths  are  considered  theoretically.  All  of  the 
models  are  formulated  within  the  statistical  band  model  but  differ  in  the 
manner  in  which  inhomogeneity  and  nonisothermality  of  the  path  are  treated. 

In  this  paper,  predictions  of  these  models  are  compared  with  experimental 
measurements  on  in  the  2.7-pm  spectral  region.  Application  of  the 

models  requires  band  model  parameters  for  the  2.  7-|i.m  water  band  and  for 
the  range  of  temperatures  that  occur  along  the  optical  paths  considered. 
Construction  of  a set  of  parameters  suitable  for  use  in  the  200  to  3000°  K 
temperature  range  is  considered  in  Section  II. 

Radiance  and  transmittance  measurements  on  nonuniform  H^O  samples 

that  are  suitable  for  quantitative  comparison  with  theoretical  prediction  have 

(1-7) 

been  made  by  several  groups.  ” ' Radiance  comparisons  are  made  here 
with  results  of  Refs.  3,  5,  and  7 and  are  discussed  in  Section  III.  The  con- 
clusion drawn  from  these  and  other  unreported  comparisons  is  that  when  the 
various  models  predict  different  results,  the  model  identified  in  the  com- 
panion paper  as  the  intuitive  derivative  approximation  yields  the  best  agree- 
ment with  experiment.  Only  the  results  for  this  approximation  and  Godson's 
version  of  the  Curtis-Godson  (CG)  approximation  (see  companion  paper)  are 
presented. 

Stephen  Young,  "Nonisothe rmal  Band  Model  Theory,  " J.  Quantum  Spectroscoy 
Radiative  Transfer  (to  be  published). 
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II.  BAND  MODEL  PARAMETERS 


A.  NASA  (GENERAL  DYNAMICS)  PARAMETERS 

H^O  band  model  parameters  used  in  this  work  were  constructed'  ' by 

(3) 

combining  the  high-temperature  NASA  parameters  with  low -temperature 

parameters  derived  from  the  AFGL  atmospheric  absorption  line  data  com- 
(9) 

pilation.  The  NASA  parameters  are  tabulated  through  the  2.  7-pm  band  in 
25  cm  * increments  and  for  a spectral  resolution  Av  or  25  cm  The  absorp- 
tion parameter  k is  given  in  the  temperature  range  300  to  3000°K,  but  the  6” 
parameter  for  only  6 00  to  3000°K.  (For  low- temperature  application  of  these 
parameters,  1 is  extrapolated  semilogarithmically  from  the  600  and  1000° K 
tabulated  data.)  Above  ~ 1200°K,  the  NASA  parameters  were  obtained  in  a 
consistent  manner  from  emission-absorption  measurements  made  on  long 
strip-burner  H^/O^  flames.  Data  below  ~ 1200° K are  based  on  extra- 

polations from  these  high- temperature  data  and  on  analysis  of  published  low- 
temperature  H^O  spectra.  The  unit  of  k in  the  NASA  tabulation  is  cm"  * at 
standard  temperature  and  pressure  and  has  to  be  multiplied  by  273/T  to 
obtain  k with  the  natural  unit  cm"  */atm.  The  unit  of  J is  cm"  * . 


The  line  width  band  model  parameter  for  the  NASA  parameters  is 
given  by 
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The  summation  term  represents  foreign-gas  broadening  (f  ^ H^O)  anc* 
nonre sonant  self-broadening  (f  = H^O)  contributions  to  the  line  width.  The 
first  term  accounts  for  resonant  self-broadening  effects.  The  c factors  are 
the  mole  fraction  concentrations  of  the  gas  constituents,  and  the  y factors  are 
broadening  parameters  for  standard  temperature  (273°  K)  and  pressure 
(1  atm)  conditions.  The  exponential  factors  n determine  the  degree  of  tem- 
perature variation  for  the  various  broadening  mechanisms.  Values  of  n and 
y are  given  in  Table  I.  The  present  work  involves  only  and  as  foreign 
gas  broadeners. 

Although  quite  adequate  for  T>  1200°K,  the  NASA  parameters  are  not 

particularly  useful  for  application  near  room  temperature.  This  inadequacy 

* 

is  demonstrated  in  Figs.  1 and  2,  where  the  predicted  transmittance  spectra 

of  two  uniform  gas  samples  at  296°  K are  compared  with  experimental 

spectra.  ^ ^ The  NASA  parameters  seriously  underestimate  the  degree  of 

absorption.  Since  this  discrepancy  is  evident  even  for  weak  absorption,  it 

is  not  caused  solely  by  errors  in  the  extrapolation  used  to  get  5".  A 1040° K 

emission  spectrum  generated  with  these  parameters  is  compared  with  an 

(12) 

experimental  spectrum  in  Fig.  3(a).  Here,  the  agreement  is  adequate, 
although  not  as  good  as  is  obtained  for  T>  1200°K.  A slight  underprediction 


All  band  model  calculations  in  this  section  are  made  with  the  uniform  path 
statistical  model  with  exponential- tailed  inverse  line  strength  distribution. 
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Table  I. 


Line- Broadening  Parameters  for 


t 


Broadener 

■y# 

(cm*  * /atm) 

n* 

-lYf 

(cm  /atm) 

nf 

H2° 

0.44 

1.0 

(0.09) 

0.  5 

N2 

0.09 

0.  5 

°2 

0.04 

0.  5 

t, 


Data  taken  from  Reference  3. 


Value  in  parentheses  is  estimated. 
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LINE-AVERAGED  - 


^EXPERIMENTAL 


\y/~  NASA 

,\  I 

y\aI. 


Low -Temperature  Transmittance  Spectra  for  H2O 

experimental  curve  derived  from 

the  tables  of  Ref.  11  for  sample  No.  39  and  Av  = 

2 5 cm-  i; band  model  prediction 

with  NASA  parameters; band  model 

prediction  with  line-average  or  combined 
parameters. 


LINE-AVERAGE 


p = 0.200  atm 


L = 933  m 

\i  V v' 

u=  1875  atm  cm 

T = 296°K 

EXPERIMENTAL 

=25  cm-' 

Low-Temperature  Transmittance  Spectra  for 

in  the  Band  Wing  Regions.  experimental 

curve  derived  from  the  tables  of  Ref.  1 1 for  sam- 
ple No.  40  and  Av  = 25  cm-  1;  — — — — 

band  model  prediction  with  NASA  parameters; 

band  model  prediction  with  line-average 

or  combined  parameters. 


[XKRlMtNIAl 


tXPIBiMIMAi 


High- Temperature  Emission 
Spectra  for  H^O.  The  jagged 
curve  is  an  experimental 
spectrum  from  Ref.  12.  The 
smooth  curves  are  band  model 
results  predicted  with  the 
indicated  band  model  para- 
meter set. 


of  emissivity  is  evident  throughout  the  band.  Other  comparisons  of 
experimental  hot  H^O  radiance  and  transmittance  spectra  with  predictions 
using  the  NASA  parameters  have  been  made  in  Refs.  3,  8,  and  13. 


B.  LINE-AVERAGED  PARAMETERS 

Band-model  parameters  were  constructed  from  the  AFGL  line  data 
compilation  according  to  the  line  averaging  procedure  described  in  Sec- 
tion HI.  D of  the  companion  paper.  The  data  given  for  each  line  in  this  com- 
pilation are  the  line  position  v(cm_1),  the  line  strength  S (cm’  1 /molecule- 

-2  1 a 
cm  at  - 296°  K),  the  line  half- width  (cm  for  air-broadening  at 

296°  K and  1 atm  pressure),  and  the  energy  of  the  lower  level  of  the  transition 

E (cm  ).  The  temperature  dependence  of  line  strength  for  the  i— line  was 

taken  as 


S(i,  T)  = C(T)  S (i) 
a 


QR(Ta>  Qv,Ta> 

■<5r(T)  0v(T)' 


( _ e-v(i)/kT 

1 - e-"(i)/kTa 


X exp 


(2) 


Qr  and  are,  respectively,  the  rotational  and  vibrational  partition  functions 
of  the  molecule.  The  ratio  of  rotational  partition  functions  was  approximated 
by 


VTa>  /Taf 

<3> 


-li- 


with  m = i.  5.  The  vibration  partition  function  was  assumed  to  be  the 
product  of  simple  harmonic  oscillator  partition  functions  for  each  vibrational 
mode  j of  the  molecule 


3 r 

qv(t)  = n 
V j=l  L 


-d. 


, -v./kT 
1 - e j 


(4) 


where  v.  are  the  fundamental  oscillatory  frequencies  of  the  molecule  and  d. 

J J 

are  the  degeneracies  of  these  modes.  For  H-O,  v = 3657.0,  v = 1594.7, 

£ 1 C. 

= 3755.7  cm  , and  all  d^  are  unity.  The  exponential  term  of  equation  (2) 
accounts  for  the  Boltzmann  distribution  population  of  molecules,  and  the  term 
in  brackets  accounts  for  stimulated  emission,  k is  Boltzmann's  constant; 

1 /k  = 1.439  cm-°K.  The  factor  C(T)  of  equation  (2)  converts  the  line  strength 
from  the  AFGL  unit  cm  /molecule  -cm  to  the  unit  cm-  /atm  and  is 


C(T)  = 2.  480  x 10 


19  296°  K 


(molecules /atm- cm  ) 


(5) 


Equations  (2)  through  (5)  give  the  required  line  strength  S(i,  T)  to  be  used  in 
equation  (35)  of  the  companion  paper  to  calculate  the  absorption  parameter  IT 
with  unit  cm  */atm  for  any  desired  spectral  interval  Av  and  temperature  T. 
A mean  value  of  y (i)  was  made  directly  from  the  AFGL  data.  This 

cl 

mean  value  y was  used  with  y (i)  and  S(i,  T)  to  compute  T by  equations  (36) 
and  (37)  of  the  companion  paper.  The  line-broadening  model  of  equation  (1) 
was  used  for  this  formulation  of  line-averaged  parameters.  Transformation 


of  y from  the  AFGL  conditions  of  air-broadening  at  296°  K to  the  conditions 

cl 

of  resonant  self-,  nonresonant  self-,  and  foreign-gas  broadening  at  273°K 


were  made  using  the  data  of  Table  I and  an  assumed  air  composition  c 


0.78,  Cq  = 0.22.  The  transformations  are: 


V*  = 5. 800  \ 

a 

Vh2o  = J-186  \ 
Vn2  = 1'186  \ 

7q2  = 0.  527  Ya 


The  AFGL  data  compilation  was  constructed  specifically  for  application 
to  atmospheric  problems,  and  it  would  be  expected  that  band  model  parameters 
derived  from  this  data  would  be  suitable  for  low-tempe rature  applications. 

This  expectation  is  substantiated  in  Figs.  1 and  2,  where  spectra  computed 
with  the  line-averaged  parameters  are  compared  with  experimental  trans- 
mittance spectra.  On  the  other  hand,  the  AFGL  compilation  does  not  include 
many  lines  that  originate  from  high  vibrational  and  rotational  levels.  Since 
these  lines  are  important  at  high  temperatures,  it  is  expected  that  the  line- 


averaged  parameters  will  fail  at  high  temperatures.  This  failure  at  1040°K 
is  demonstrated  in  Fig.  3(b),  where  it  is  evident  that  a serious  underpredic- 
tion of  emissivity  is  made  for  the  band  wings. 


r 

r 


r 

i 


ri 


which  the  temperature  may  vary  from  atmospheric  to  gas  combustion  values. 
The  NASA  parameters  are  adequate  at  the  higher  temperatures,  and  the  line- 
averaged  parameters  are  adequate  at  the  lower  temperatures.  For  the  re- 
verse situation,  each  parameter  set  fails.  A parameter  set  that  is  consistent 
for  the  whole  temperature  range  from  ~ 200  to~3000°K  was  generated  by 
combining  these  two  parameter  sets.  This  combination  was  performed  for 
each  25  cm  interval  between  2500  and  4500  cm  1 by  making  semilogarithmic 
plots  of  the  parameters  k and  6 from  each  set  as  a function  of  temperature 
and  drawing  a smooth  transition  curve  from  one  set  to  the  other.  A detailed 
discussion  of  this  method  is  given  in  Ref.  8.  Two  examples  are  given  in 
Figs.  4 and  5.  The  variation  of  the  line- ave raged  parameter  k at  2500  cm-1 
shown  in  Fig.  4 is  typical  for  all  of  the  spectral  intervals  in  the  band  wings. 
The  absorption  coefficient  increases  with  temperature  up  to  ~1000°K  but 
thereafter  levels-off  or  falls  slightly  due  to  lack  of  "hot  line"  data  in  the 
AFGL  compilation.  This  example  at  2500  cm-1  is  also  a case  of  extreme 
transition  between  the  two  component  parameter  sets.  In  general,  throughout 
regions  of  strong  absorption  (e.g.,  v = 3700  cm"1.  Fig.  5)  the  match-up 
procedure  was  relatively  self-evident.  The  final  combined  parameter  set 
generated  is  tabulated  in  the  Appendix.  Low-temperature  transmittance 
spectra  generated  with  the  combined  parameters  are  indistinguishable  from 
the  spectra  of  Figs.  1 and  2 generated  with  the  line-averaged  parameters. 

The  1040°  K emission  spectrum  computed  with  the  combined  parameters  is 
shown  in  Fig.  3(c),  where  it  can  be  seen  that  the  agreement  with  experiment 
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is  better  than  is  obtained  with  either  of  the  component  parameter  sets.  Above 


1200°  K,  the  combined  parameters  reproduce  spectra  obtained  with  the  NASA 


parameters.  The  combined  parameters  are  used  exclusively  in  computing 


DISCUSSION 


A theoretical  result  of  the  companion  paper  was  that  if  the  distribu 


tion  of  line  strengths  in  a spectral  interval  Av  is  described  by  an  inverse 
strength  function,  the  line  density  function  1 ft  should  be  a linear  function  of 


vs  T from  the  NASA 


tempe  rature 


combined  parameters  for  the  25-cm  interval  centered  at  3700  cm  are 


shown  in  Fig.  6.  Clearly,  none  of  the  sets  displays  a realistic  linear 


temperature  variation.  The  line-averaged  parameters  display  the  charac 


teristic  saturation  feature  caused  by  the  lack  of  hot-line  data  in  the  AFGL 


compliation.  The  NASA  parameters  appear  to  obey  a power  law  in  tempera 


ture.  The  long-dashed  line  is  a linear  variation  suggested  by  the  nearly 


linear  portion  of  the  line-averaged  parameter  plot  between  200  and  700° K 
Compared  to  this  line,  1 ft  from  the  combined  parameter  set  displays  the 


most  nearly  linear  variation,  although  deviations  from  linearily  are  sub 


stantial.  The  construction  of  the  combined  parameter  set  was  made  prior 
to  the  discovery  (at  least  by  this  author)  of  this  predicted  linearity,  and 


possibly  a better  combining  procedure  could  have  been  made  with  this  result 


as  a contributing  construction  criterion.  With  the  known  success  of  the 


inverse  line  strength  distribution  in  treating  water  by  band  model  methods 


I 


considered,  the  conclusion  that  the  results  of  Fig.  6 invalidate  this  distribution 
should  not  be  made  hastely.  Rather,  more  investigation  (both  theoretical  and 
experimental)  should  be  made  on  the  "temperature-consistency 11  of  band-model 
parameters.  For  example,  a significant  assumption  that  has  been  made  in 
combining  the  NASA  and  line-averaged  parameter  sets  is  that  the  parameters 
k and  6 from  each  set  represent  the  same  quantity.  Only  within  the  confines 
of  the  modelling  assumptions  is  this  true.  In  fitting  the  models  to  experi- 
mental data,  two  entirely  different  approaches  are  used  to  define  these 
parameters,  one  based  on  detailed  line  measurements  and  one  based  on 
low-resolution  emission-absorption  measurements. 
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III.  TEST  CASES  AND  RESULTS 


NONISOTHERMAL  EMISSION  CELL  MEASUREMENTS 


The  nonisothermal  hot-gas  radiance  studies  of  Simmons  et  al. 
include  two  measurements  for  H^O.  The  measurements  were  made  on  pure 
HzO  confined  to  a 60-cm  emission  cell  along  which  a thermal  gradient  could 
be  maintained.  Temperature  profiles  for  the  two  cases  are  shown  in  Fig.  7. 
Both  samples  were  homogeneous  (no  pressure  or  concentration  gradients) 
with  c = 1 and  p = 1.0  atm  (Case  1),  p = 0.91  atm  (Case  2).  Experimental 
radiance  spectra  are  shown  in  Figs.  8 and  9. 

Calculations  were  performed  by  dividing  the  optical  path  into  N - 20 
equal  length  intervals  and  interpolating  for  the  pressure,  temperature,  and 
H^O  concentration  at  the  21  points  defining  the  path.  These  data  were  then 
used  to  compute  and  interpolate  for  the  band  model  parameters  k,  5*  and  y 
at  each  point  along  the  path.  Once  these  six  quantities  were  defined  along 
the  path,  the  various  band  models  were  applied.  Path  integrals  used  to 
define  averaged  band  model  parameters  and  to  compute  radiance  were  per- 
formed by  trapezoidal  quadrature.  The  selection  of  20  intervals  was  made 
on  the  basis  of  the  following:  The  largest  value  of  k occurring  in  the 

spectral  and  temperature  range  considered  is  k — 0.8  cm  /atm  and  occurs 
at  v ~ 3750  cm"  *,  T ~ 400°K.  The  characteristic  absorption  length  for  this 

condition  is  L = (cpk)"  1 » 1.  3 cm.  In  order  for  the  numerical  integration 
a 

to  be  accurate,  the  integration  interval  should  be  less  than  this  value.  With 
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Fig.  7.  Temperature  Profiles  for  Nonisothermal  Emis- 
sion Cell  Measurements.  • Case  l(Run 

10216811  of  Ref.  5),T  = 382,  537,  723,  953, 

1128,  1160,  990,  751,  558,  389*K; □ 

Case  2 (Run  10246813  of  Ref.  5),T  = 392,  513, 
593,  671,  745,  835,  918,  993,  1059,  1152‘>K. 


-22- 


3000  3200 


3400 


4200  4400 


3600  3800 


Fig.  8.  Radiance  Spectra  for  Case  1 
Emission  Cell  Study 


4000 
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a total  path  length  of  60  cm,  N should  be  greater  than  ~ 40.  This  is  a 


worst-case  estimate,  however,  and  N = 20  was  found  to  be  adequate. 

For  both  cases,  all  models  predicted  the  same  radiance  spectrum  to 
within  ~ 3%.  The  CG  results  are  shown  for  the  two  cases  in  Figs.  8 and  9, 
respectively.  The  agreement  among  the  models  for  these  cases  can  be 
partially  explained  by  the  optical  depth  of  the  gas  samples.  In  both  cases, 
the  absorptance  of  the  samples  in  the  band  center  is  nearly  complete.  Thus 
a detector  cannot  see  completely  through  the  sample.  The  degree  of  tem- 
perature variation  from  s = 0 (~  400° K)  to  the  point  that  the  detector  can  see 
is  not  as  great  as  the  full  ~ 400  to  ~ 1200°  K range  of  the  entire  optical  path. 
Apparently,  the  effective  temperature  range  is  small  enough  to  be  handled 
accurately  by  all  of  the  models.  In  the  band  wings,  the  entire  temperature 
range  can  be  observed,  but  here  the  degree  of  absorption  is  weak,  so  that 
again  all  of  the  models  yield  the  same  result. 

B.  NONISOTHERMAL  FLAME  MEASUREMENTS 

(3) 

The  measurements  reported  by  Ludwig  et  al.  v 7 were  made  on  a 
nonisothe rmal  flame  composed  of  four  uniform  flames  in  series.  The 
conditions  of  the  individual  flame  segments  for  three  case  studies  are  shown 
in  Fig.  10,  and  the  experimental  radiance  spectra  in  Figs.  11  through  13. 

2 

A flaw  in  the  experimental  spectra  is  that  they  are  reported  with  unit  W/cm  . 

- 1 2-1 
cm  , and  a calibration  factor  to  convert  to  W/cm  -sr-cm  could  be  found 

nowhere  in  Ref.  3 or  in  supporting  documentation  of  the  work.  The  experi- 
mental spectra  were  scaled  by  forcing  the  present  CG  results  to  agree  with 
the  CG  results  given  with  the  spectra  in  Ref.  3. 


s (cm) 


Fig.  10.  Temperature  and  H2O  Concentra- 
tion Profiles  for  Nonisothe rmal 
Flame  Measurements.  The  pres- 
sure for  all  flame  segments  and 
all  three  cases  is  p = 1.0  atm, 
and  the  foreign  broadening  gas  is 
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Fig.  12.  Radiance  Spectra  for  Case  2 of  Nonisothermal 

Flame  Study.  experimental, 

— CG  approximation,  de- 

rivative approximation. 


Fig.  13.  Radiance  Spectra  for  Case  3 of  Nonisothermal 

Flame  Study.  experimental, 

CG  approximation,  

derivative  approximation. 


Calculations  were  performed  with  N = 120.  This  value  was  chosen 
not  so  much  for  numerical  accuracy,  but  so  that  the  transition  region  be- 
tween the  four  path  segments  would  be  sharp.  The  predicted  radiance 
spectra  for  the  CG  and  derivative  approximations  are  shown  in  Figs.  11 
through  13  along  with  the  experimental  spectra.  In  all  cases,  the  derivative 
approximation  provides  better  agreement  with  the  measurements  than  does 
the  CG  approximation.  The  latter  approximation  consistently  underpredicts 
the  radiance.  Except  for  Case  1,  shown  in  Fig.  11,  the  derivative  approxi- 
mation generally  increases  the  predicted  radiance  level  to  the  measured 
value,  particularly  in  the  band  center. 

C.  HOT-THROUGH-COLD  CELL  MEASUREMENTS 

(7) 

The  recent  measurements  by  Lindquist  et  al.  were  made  specifically 
to  study  the  radiance  spectra  of  hot  gases  as  viewed  through  long  cool  ab- 
sorption paths.  The  experimental  arrangement  consisted  of  a 60-cm  hot-gas 
cell  coupled  to  a 100-m  absorption  cell.  Gas  conditions  were  generally  set 
to  simulate  radiation  from  missile  plumes  and  absorption  by  atmospheric 
slant  paths.  For  the  two  cases  considered  here,  the  emission  cell  was 
uniform  with  p =0.10  atm,  c = 0.  50,  and  T = 1200°  K.  The  absorption  cell 
was  uniform  with  p = 0.070  atm,  T = 297°  K,  and  c = 0.0143  (Case  1), 
c = 0.  143  (Case  2).  In  both  cells,  the  foreign  gas  broadener  was  N^.  Mea- 
surements and  predictions  of  the  absorption  cell  transmittance  are  shown 
in  Fig.  14.  The  measured  and  predicted  radiance  spectra  for  the  emission 
cell  by  itself  are  shown  as  the  upper  curves  in  Fig.  15(a).  Radiance  spectra 


Fig.  14.  Absorption  Cell  Transmittance  for  Hot- Through- 

Cold  Study.  experimental; 

uniform  band  model  prediction.  Upper  curves 
for  Case  1 (Run  9R  of  Ref.  7),  lower  curves  for 
Case  2 (Run  1 1MR  of  Ref.  7). 
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as  measured  through  the  absorption  cell  are  shown  for  the  two  cases  in  the 
lower  part  of  Fig.  15(a)  and  in  Fig.  15(b).  The  spectra  computed  with  the 
CG  and  derivative  approximations  are  shown  along  with  the  experimental 
spectra. 

Calculations  for  the  absorption-cell  transmittance  and  hot-cell  radiance 
were  performed  with  the  uniform  path  band  model.  For  calculation  of  path 
averages  in  the  coupled  path  arrangement,  trapezoidal  quadrature  was  used 
with  the  absorption  path  treated  as  a single  interval  and  the  emission  path 
divided  into  ten  equal  size  intervals. 

For  both  cases  in  this  study,  the  CG  approximation  underpredicts  the 

radiance  of  the  hot  source  as  seen  through  the  absorption  path.  This  effect 

(3) 

has  been  previously  noted.  The  results  obtained  with  the  derivative 
approximation  are  in  significantly  better  agreement  with  the  observed 
spectra  throughout  the  whole  band. 

A naive  approach  to  computing  the  transmitted  radiance  in  the  hot- 
through-cold  geometry  is  to  multiply  the  hot-cell  radiance  spectrum  by  the 
absorption-cell  transmittance  spectrum.  This  procedure  is  valid  (in  general) 
only  if  the  emission  source  is  a continuum  radiator  or  if  the  molecular 
species  of  emission  and  absorption  are  different.  When  the  two  path  segments 
contain  common  species,  line  position  correlation  effects  invalidate  this 
approach.  The  transmitted  radiance  spectra  obtained  by  this  procedure  for 
Case  1 is  shown  in  Fig.  16  along  with  band-model  calculation  obtained  with 
the  derivative  approximation.  The  enhanced  absorption  of  the  absorption 
cell  caused  by  line  correlation  is  clearly  seen  to  be  significant. 


APPENDIX 


COMBINED  HzO  BAND  MODEL  PARAMETERS  LISTING 

Tables  A- I through  A-III  are  tabulations  of  the  combined  band  model 
parameters  discussed  in  Section  II.  C.  The  spectral  resolution  of  the  para- 
meters is  ~ 25  cm  *.  The  absorption  parameter  V (Table  A-I)  is  given  with 
the  natural  unit  cm-* /atm  for  the  temperatures  indicated.  The  line  spacing 
parameter  T (Table  A-II)  is  represented  by  its  reciprocal,  the  line  density 
parameter  D = 1 fb  . The  nonresonant  self-broadening  line  width  parameter 

v „ is  tabulated  in  Table  A - III.  The  line  width  parameter  y can  be  obtained 
H2° 

from  this  tabulation  through  the  use  of  equation  (1)  and  Table  I. 


Table  A-I.  Absorption  Parameter,  k (cm  /atm) 
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Table  A-II.  Line  Density  Parameter,  1/6  (lines  /cm  ) (Continued) 
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Table  A-III.  Nonresonant  Self-Broadening  Line  Width  Parameter 


v (cm-  1 ) 

'h2o 

(cm  * / atm) 

v (cm  *) 

*H2o 

(cm  ^ /atm) 

25  OC. 

5.  9216-G2 

3525. 

7.3345-02 

2525. 

5. 842E-02 

3550. 

7.986:  -02 

2550. 

6.  03  8E-0  2 

3575. 

8.,0  IF  - 0 2 

237L  . 

6.622E-C2 

3603. 

3.514F-02 

26  C G . 

6. 4 1 2E-02 

3625. 

8.76  IE  - 0 2 

2625. 

6.  67  2£-3  2 

3650. 

8.62CF-0  2 

2650. 

7.  735E-0  2 

3675. 

8 . 1 1 7F  - 0 2 

2675. 

7. 365E-02 

3700  . 

3. Tl-E-02 

27  OC. 

7.  673E-02 

3725. 

9.0C2E-G2 

2725. 

3.  4532-0  2 

37  50  . 

9. 073F-02 

2750. 

8.4996-02 

37  75. 

8.  318F-02 

2775. 

8.  1 9 7£- 0 2 

380  0 . 

7.786F-02 

2300 . 

8. 238E-0  2 

3825. 

7.7  2 2E-02 

2825. 

7.  4 7 9E-C  2 

3850. 

7.94  2E-C2 

2350. 

7. 1766-0  2 

38  75. 

7. 181F-02 

2375. 

6. 6056-02 

3900  . 

6.  89  3E-0  2 

2900. 

6. 567E-0  2 

3925. 

6.  T1  2F-02 

2925. 

6. 2436-0  2 

3950. 

6. 759F-C2 

2950. 

6.  75  36-0  2 

39  75. 

6.46  6E-C2 

2975. 

6. 379E-C2 

4003. 

6.74  IE  - 0 2 

3 0 0 0 . 

6.  95  36-0  2 

4025. 

7.484F-02 

3025. 

7.  30  3E-0  2 

40  5C. 

7.  177E-02 

3050. 

7.  68  2E-C 2 

4C  75. 

7.95  2F-02 

3075. 

7.  6216-0  2 

41G  0. 

8.564F-02 

310  0. 

8. 02  *E-0 2 

4125. 

8.  93  IE  - 0 2 

3125. 

3.0**  -E-0  2 

41  5 3. 

8.  33  2E-02 

3150. 

7. 3845-02 

41  75. 

8.393F-02 

3175. 

7.  6446-0  2 

-.20  3 . 

3.  C69F-02 

3200. 

7.  7525-0  2 

4225. 

7 . 615F-0  2 

3225. 

7.  66  05-0  2 

4250. 

6.62  3F-02 

3250. 

7. 392E-0 2 

4275. 

6. 943E-G2 

3275. 

7. 526E-02 

4 3 o 0 . 

6.6C  2F-32 

3330. 

7. 3155-02 

4325. 

6. 434E-02 

3325. 

6.6026-02 

4350. 

7.  183E-0  2 

3 3 50. 

6. 60  9E-0  2 

43  75. 

o . ' 8 2E  - 0 2 

3375. 

6.  435E-C2 

44  10. 

7.  868E-02 

34  0 C . 

6. 4955-0 2 

44  25. 

7.51  5t - 0 2 

3425. 

6.610E-02 

44  5 0. 

7.  17  IF- 0 2 

3450. 

6.  7645-02 

44  75. 

7.  02  0E-02 

3475. 

7.  182E-02 

45  00. 

7.203F-02 

3 5 C 0 . 

7.6C3E-C2 
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LABORATORY  OPERATIONS 

The  Laboratory  Operations  of  The  Aerospace  Corporation  is  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver- 
satility and  flexibility  have  been  developed  to  a high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel- 
opments is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophysics  Laboratory;  Launch  and  reentry  aerodynamics,  heat  trans- 
fer, reentry  physics,  chemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high- power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric  optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  species  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  phenomena,  photo- 
sensitive materials  and  sensors,  high  precision  laser  ranging,  and  the  appli- 
cation of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronics  Research  Laboratory:  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  including  plasma  electromagnetics;  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi- 
conducting, superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging;  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  metal 
matrix  composites  and  new  forms  of  carbon;  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor- 
rosion and  fatigue-induced  fractures  in  structural  metals. 

Space  Sciences  Laboratory;  Atmospheric  and  ionospheric  physics,  radia- 
tion from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  airglow;  magnetospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia- 
tions in  space  on  space  systems. 
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